Transgenesis developed in the last 20 years offers new possibilities for crop protection. The transgenic process, however, requires the use of marker fusion genes to select and visualize the transformed tissues. Although the expression products of these marker genes are stably expressed in crops, little attention has been given to assess the eventual risks of these recombinant proteins on phytophage populations. Three independent transgenic potato ( Solanum tuberosum ) clones from the cultivar Désirée (DG5, DG18, and DG20) carrying the commonly used nptII-gus gene construct and exhibiting different β -glucuronidase activity (0.843 ± 0.011, 0.576 ± 0.096, and 0.002 ± 0.000 pmol min
Introduction
New genetic information, introduced into plants using Agrobacterium tumefaciens -mediated gene transfer, provides future possibilities for crop protection against insect pests.
Inserted in tandem with the gene of interest, which induces plant resistance, selectable and reporter marker genes are convenient to select and visualize transformed tissues. The nptII bacterial gene (Beck et al., 1982) encodes the neomycin phosphotransferase II (NPTII, EC 2.7.1.95), which induces resistance to various antibiotics, enabling transgenic cells that contain the inserted DNA to develop on a selective medium. The β -glucuronidase (GUS, EC 3.2.1.31) is encoded by the uidA locus (Novel & Novel, 1973) . This gus gene is one of the major genes used as a fusion marker (Jefferson et al., 1986; Jefferson, 1987; Gatehouse et al., 1996; Ding et al., 1998; Lecardonnel et al., 1999b; Kuvshinov et al., 2001) . The GUS hydrolase catalyses the cleavage of a large variety of β -glucuronides and allows a rapid and sensitive method to analyse gene expression using a small amount of plant material (Töpfer et al., 1988) . These two marker genes are commonly used in tandem and therefore the nptII-gus gene construct is present in a wide variety of crops. The regenerated plants thus express these marker genes stably and the selectable and reporter proteins are present in the plants during their lifetime. It is inserted in the Calgene's FLAVR-SAVR® tomatoes, thus the eventual risks of the use of the selectable nptII gene and its encoded protein have been comprehensively studied. The different studies carried out (Sambrook et al., 1989; Flavell et al., 1992; Nap et al., 1992; Fuchs et al., 1993a Fuchs et al., , 1993b Redenbaugh & Hiatt, 1993; Redenbaugh et al., 1994) all confirmed its innocuousness. Surprisingly little attention has been given to assess the eventual effects of the GUS reporter marker protein. Jefferson et al. (1987) reported that the expression of the GUS enzyme has no effect in tobacco plants transformed with the nptII-gus genes. The first evidence of unexpected effects in plants transformed by the nptII-gus construct was observed on potato plants ( S. tuberosum ) from the cultivar Désirée exhibiting significant alterations in their phenotype, such as tuber production and weight (Dale & McPartlan, 1992) . More recently, Lecardonnel et al. (1999a) showed that nptII-gus expression enhances the foliage consumption of transgenic potato plants by the larvae of the Colorado potato beetle, Leptinotarsa decemlineata . Finally, this beetle bred on transgenic potato plants exhibits a reduced postembryonic development time and an enhanced adult survival and size (DeTurck et al., 2002) . These physiological alterations are closely related to the β -glucuronidase activity level of the transgenic lines tested, and it is suggested that β -glucuronidase expression in potato plants affects development and survival of this chrysomelid pest.
Such unintended influences of proteins that might be expected to have no effect lead one to question the possible impacts of these recombinant proteins on other phytophagous insects. The aim of the present paper is to test possible physiological and behavioural effects of the E. coli GUS expression in potato plants on the cosmopolitan peach-potato aphid, Myzus persicae (Sulzer) (Hemiptera, Aphididae), vector of over 100 plant viruses (Hill, 1987) .
Materials and methods

Insects
The aphids, Myzus persicae , were bred on potato plants ( Solanum tuberosum ) from the cultivar Désirée in plexiglas cages (0.5 × 0.5 × 0.5 m) ventilated by a grid under parthenogenesis-inducing conditions of L16:D8 photoperiod and 20 ± 0.5 ° C temperature. The rearing of this clone was initiated from a single virginoparous female collected in early summer 1999 on a potato field near Loos-en-Gohelle, North France.
Plants
The transgenic potato plants were obtained as described by DeTurck et al. (2002) . Briefly, the genetically transformed potato lines from the S. tuberosum Désirée cultivar were obtained via Agrobacterium tumefaciens gene transfer using the plasmid pGSGluc 1 carrying in tandem the selectable nptII and the reporter gus marker genes under the control of the mannopine synthase TR promoter (Lecardonnel et al., 1999a) . The three transformed lines used in these experiments (DG5, DG18, and DG20) were selected among 10 independent transgenic clones (grown under the same conditions as the ones we used in the study) because of the stability of their β -glucuronidase activity (0.843 ± 0.011, 0.576 ± 0.096, and 0.002 ± 0.000 pmol min
, respectively) (DeTurck et al., 2002) . A non-transformed potato clone (with no GUS activity; DeTurck et al., 2002) of the same cultivar obtained by callus regeneration was maintained in a greenhouse with the transgenic lines under the same conditions as described above for insect breeding. The plants obtained by micropropagation were acclimatized in the greenhouse and cultured for 40 days before their use in experiments.
Insect feeding trial
Fifteen plants of each transgenic potato line (DG5, DG18, and DG20) and the non-transformed one were used for insect feeding. At least 43 nymphs aged less than 12 h were each isolated in a microcage (Ø 16 × 8 mm) ventilated by a grid and clipped on the lower face of a potato leaf at the third or fourth level from the apex. Aphids were checked daily until dead to determine prereproductive period, and nymphal and adult viability. Offspring produced by each adult were recorded and removed daily to evaluate the total fecundity, the daily fecundity, and the reproductive period, that is the time elapsed between the production of the first and the last nymph.
The following fertility life table parameters were calculated for each treatment (potato line): age-specific survival (l x ), age-specific fecundity (m x ), intrinsic rate of natural increase obtained with the Lotka equation (Birch, 1948) , finite rate of increase , and doubling time evaluated according DeLoach (1974) (DT = ln 2/r m ). The variance of r m was estimated by the Jackknife method according to Meyer et al. (1986) with the 'Petitr' program (JS Pierre, unpublished). 
Insect behaviour
The behavioural response of aphids to the odour of transgenic or non-transformed potato plants was studied in a 4-choice olfactometer adapted from the Pettersson (1970) model primarily designed for aphids. An airflow set at 100 ml min − 1 entered each branch of the star-shaped plexiglass exposure chamber (internal dimensions: 56 × 56 × 2 mm; see Kaiser et al., 1989 , for details of the apparatus)
and was sucked through a central hole, creating four distinct and adjacent flow fields of equal surface. The insects were introduced individually into the central part of the olfactometer and could walk freely in the four fields. Each aphid was tested for 3 min and the chamber was then cleaned with ethanol. Before testing a new odour source, the whole system was dismantled, thoroughly washed with detergent, rinsed with water, and cleaned with ethanol prior to the test. The device was placed on a light table providing a homogeneous light (800 Lux) and the experiments were carried out at 25 ° C and 60% r.h. Event recorder software (The Observer, Noldus Information Technology, ND) was used to monitor the time spent in each field during the individual 3-min observations. As the odour source, a 40-day-old potato plant (60 -90 leaves) was placed in a 12 litre container with air flowing through at 100 ml h − 1 when entering the olfactometer. In order to reduce the emission of volatile compounds from the substrate, the pot was wrapped with plastic film up to the stem. Apterous adults from 1 to 15 days old were tested after a 2-h fast. Up to 30 aphids were individually tested. The first experiment aimed to investigate the attractiveness of potato plant to apterous M. persicae . To this end, the odour of a non-transformed potato plant from the Désirée cultivar was delivered in a single arm of the olfactometer and the three other flows came from identical empty containers.
Then, the effect of the nptII-gus transgenic potato plants was investigated by studying the aphids' preference between the odours of the non-transformed plant and a transgenic one, delivered in adjacent flows. Both opposite flows were issued from empty containers. The results presented below were obtained testing one transformed potato plant per transgenic line. A first non-transformed plant was used with the DG5 and the DG18 plants. A second non-transformed potato plant was used with the DG20 line. The choice experiment between the DG18 potato line and the untransformed one was repeated in order to check the results from the first replicate.
Data analysis
A one-way ANOVA carried out using Statistica 5.5 software was performed to test the effect of the transgenic line on the demographic parameters of the aphids. The positive least significant difference test (PLSD) of Fisher was used to compare the means when a significant effect was found. The acceptance level of statistical significance was P < 0.05. The effect of the transformed potato clones on the aphid nymphal survival was analysed using the Pearson's χ 2 test. The Friedman test (FR) was used to analyse the effect of genetic transformation of potato plants on the aphids exploratory behaviour. The results are reported as mean ± standard deviation (SD).
Results
Nymphal survival
The survival of M. persicae during its postembryonic development (Figure 1 ) was significantly enhanced when the nymphs were reared on the DG5 transgenic potato line ( χ 2 = 31.56; d.f. = 13; P < 0.01) compared to the ones reared on the non-transformed potato plants. In contrast no significant nymphal viability difference could be statistically detected between the insects bred on transgenic potato plants from the clones DG18 ( χ 2 = 2.61; d.f. = 13) and DG20 ( χ 2 = 8.13; d.f. = 13) and those fed with non-transformed potato plants.
Life history traits (Table 1) The mean duration of the prereproductive period, that is the period of time from birth until onset of reproduction, was significantly reduced for aphids reared on DG5 transformed plants compared to M. persicae nymphs fed on non-transformed plants. A similar statistical difference was observed between these aphids reared on the DG5 line and those reared on the DG20 clone. Adult longevity was significantly reduced for aphids bred with the DG18 transformed potato line when compared to those bred on non-transformed plants. Reproductive period and the number of offspring per female (total fecundity) were not altered whatever the transgenic potato line used as food supply. A significant increase in the daily fecundity was measured between aphids reared on a DG5 transgenic line diet and those reared on untransformed potato plants.
Directly linked with a greater daily fecundity and a shortened prereproductive development time, the intrinsic rate of natural increase (r m ) was significantly higher for M. persicae reared on DG5 potato plant than for aphids fed with DG20, DG18, or non-transformed potato plants. As a consequence of a higher intrinsic rate of natural increase, the finite ratio of increase ( λ ), that is the number of aphids added to the population per adult that will produce adults, as well as the doubling time of the population were also higher on DG5 diet fed insects.
Insect behaviour
The first experiment showed that apterous M. persicae were attracted to the potato plant odour because the time spent in the air flow carrying the plant odour was significantly higher than in the three flows issued from empty containers (mean percentage of time in potato odour ± SD: 49 ± 6%; and in the neutral air flows: 20 ± 5%, 18 ± 4%, and 12.5 ± 3.5%; FR = 21.39, d.f. = 3, P = 0.0001).
The choice experiments showed that the odours of both nptII-gus transgenic DG5 and DG20 clones were as attractive as the odour of the non-transformed plant ( In an additional experiment carried out on 29 aphids, the DG18 transformed potato was tested against a nontransformed plant. The results of time spent in the odour of the non-transformed plant, of the DG18 one, and in both neutral air flows were close to the values observed in the first replicate with the DG18 line and showed clearly that the insects were significantly more attracted by the transgenic DG18 plant (mean time in DG18 odour ± SE: 75 ± 10 s; in non-transformed plant odour: 34 ± 7 s; FR = 4.48, d.f. = 1, P = 0.034; and in the neutral air flows: 24 ± 6 s and 19 ± 6 s).
Discussion
Myzus persicae reared on the DG5 transformed plants exhibited reduced nymphal mortality and prereproductive period. The fertility parameters of these aphids were also enhanced by this diet. Thus, our results clearly demonstrate that aphids fed with DG5 transgenic potato plants would reach greater population size than insects reared on nontransformed plants. DG18 feeding aphids, on the other hand, were characterised by a significantly reduced adult survival, Results are expressed as mean ± SD. n: number of aphids tested. * or ns mean significant or non-significant effect of the transgenic line on the demographic parameters according to a one-way ANOVA analysis (F) at P < 0.05. Values in the same row followed by the same letter indicate no significant difference according to the PLSD test of Fisher (P < 0.05).
which was the only noticeable change. It is noteworthy that this variation in adult survival did not induce any alteration in the population's ability to expand. Finally, a DG20 transgenic potato diet did not affect feeding aphids.
Our work thus reveals unexpected effects of a transgenic potato line constitutively expressing the neomycin phosphotransferase II and the β-glucuronidase on the peach-potato aphid, M. persicae. It has been previously demonstrated that the consumption of transformed potato plants from the S. tuberosum Désirée cultivar expressing both the selectable nptII and the reporter gus marker genes alters survival and development of the Colorado potato beetle, Leptinotarsa decemlineata (DeTurck et al., 2002) . Our study, using the same transgenic potato lines as described in DeTurck et al. (2002) , reported similar alterations on the aphid pest and seems to confirm the hypothesis of a close relation between the probiotic effects observed on the feeding insects and the β-glucuronidase activity level of these three potato clones (DG5 = 0.843 ± 0.011, DG18 = 0.576 ± 0.096, and DG20 = 0.002 ± 0.000 pmol min
). All the constructs used contained the nptII gene, therefore it was not possible to compare between transgenic lines expressing this aminoglycoside antibiotic or not. However, the numerous studies that focused on the risk assessment of this selectable gene did not indicate any substantial effect on plant performance or on human, animal, or environmental safety (Sambrook et al., 1989; Flavell et al., 1992; Nap et al., 1992; Fuchs et al., 1993a Fuchs et al., , 1993b Redenbaugh & Hiatt, 1993; Redenbaugh et al., 1994) . We can therefore assume that the modifications observed in the aphids physiology are the consequence of the expression of the gus gene in potato plants.
Whether untransformed potato plants exhibit endogenous GUS or GUS-like activities is still unclear. Plegt & Bino (1989) and Wenzler et al. (1989) reported a GUS activity in various potato tissues, while our previous work (DeTurck et al., 2002) in agreement with Jefferson et al. (1987) did not.
Nutrient contents in potato leaves vary along with plant and leaf physiology (Hare, 1983; Domek et al., 1995) , which results in changes of the phloem-sap composition from a predominantly carbohydrate content in younger leaves to greater quantities of amino-nitrogen compounds in the older senescent ones (Thomas & Stoddart, 1980) . It has been shown that the population dynamics of the peach-potato aphid are associated with potato physiology, the growth rate being greater on older leaves than on younger foliage (Bradley, 1952; Shands et al., 1954; Taylor, 1955 Taylor, , 1962 Mack & Smilowitz, 1981; Jansson & Smilowitz, 1985) . This preference for older leaves is explained by the positive correlation between the population growth of M. persicae and the concentration of free amino acids in potato leaves (Wooldridge & Harrison, 1968; Jansson & Smilowitz, 1986) . Our experiments were only conducted on the third and fourth leaves from the apex, which are young leaves reported to be characterized by a phloem-sap rich in sucrose. Thus it seems unlikely that the probiotic effect we report here would be the consequence of the hydrolysis of endogenous β-glucuronides, as suggested by Gilissen et al. (1998) , resulting in the release of -glucuronate that is an additional source of dietary carbohydrates. GUS activity was reported in Drosophila melanogaster (Langley et al., 1983) and in Musca domestica (Levvy & Marsh, 1959) , but never investigated in aphids. Ingested GUS, however, could directly interfere with the aphid metabolism, enhancing the glycosaminoglycans degradation. This leads to the UDP-N-acetyl-D-glucosamine, which is a precursor of chitin and mucopolysaccharides, and the substrate of the lipopolysaccharides and the peptidoglycans biosynthetic pathways. How the β-glucuronidase acts to enhance the biotic potential of the peach-potato aphids fed on the DG5 transgenic line remains unknown; the in planta substrate degradation products or the GUS enzyme activity acting alone or together could lead to the probiotic effect observed.
The results obtained with the aphids bred on a DG18 diet showed a reduction of adult survival, with no other demographic parameters of M. persicae being altered. In contrast, DeTurck et al. (2002) reported that a DG18 diet altered not only adult survival but also female weight and postembryonic development duration of the feeding Colorado potato beetles. It is worth noting that the chrysomelid beetle L. decemlineata consumes the whole leaf whereas M. persicae, as all aphids, only ingests phloem-sap. The GUS activity of the different transgenic lines reported in DeTurck et al. (2002) was measured on the protein extracts from whole leaves, and differences between leaves and phloem-sap β-glucuronidase concentration are therefore possible. However, these data strongly suggest the existence of a concentration threshold for GUS expression that is herbivore-specific and that results in physiological effects on insects feeding on transformed potato plants.
With regard to plant odour recognition, our experiments clearly show that one of the transformed potato lines, the DG18, is preferred to the non-transformed cultivar, while one would expect the DG5 clone to be preferred by the aphids. It thus seems unlikely that the GUS activity is responsible for this behavioural response. The three transgenic potato lines used were selected among 10 clones because they exhibited the most stable activity and they contained a single T-DNA insertion (DeTurck et al., 2002) . Each transformed clone is the consequence of a unique transgenic event, the insertion place of the T-DNA is therefore typical for a unique clone. This alteration of the odour spectrum, therefore, might be the consequence of pleiotropic effects induced by the T-DNA insertion into the potato genome. Changes in the plant odour after a genetic transformation were also reported for oilseed rape flowers, and these were due to pleiotropic effects (Pham-Delègue et al., 2002) . Our investigation thus provides a second case of such potential consequence of plant genetic transformation. How apterous M. persicae recognises the odour of potato foliage is not known. EAG records showed that it was sensitive to general green leaf volatiles (Visser et al., 1996) , but no behavioural studies were performed to confirm the role of these compounds for potato odour recognition by the aphid. To our knowledge the present results show for the first time that apterous females of M. persicae are significantly attracted by the odour of potato plants. Although it is expected that only winged aphid females exhibit migration and host-plant selection, the wingless ones (apterae) often move from one plant to another and there is increasing evidence that local spread of aphid populations within crops can be due to emigrating apterous aphids (Visser & Taanman, 1987; Hogson, 1991) . Transgenic potato fields, therefore, may influence such local spread.
This work highlights our lack of knowledge concerning the mechanisms of the transgenic process. It suggests that each genetically transformed clone and not only inserted genes and their expression products should be assessed on different aspects of plant-insect interaction, both for enviromental and safety risks, before their introduction into the field.
